- AD=A116 353 ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND DOVER==ETC F/& 12/1
STATISTICAL GUIDE FOR DETERMINING THE EQUIVALENCY OF TWO CHEMIC==ETC(U)
APR 82 E R BIXON
UNCLASSIFIED ARGAR=R=-004




||||| 10 M2 ne
—— g' i..

= mf; 122
||“| T =

l22 s nie

MICROCOPY RESOLUTION TEST CHARIT
NADIONAL  RUREAL DF STANDARDS (36« A




REPORT NO. QAR-R-004

A A116858

STATISTICAL GUIDE FOR DETERMINING THE EQUIVALENCY
OF TWO CHEMICAL TEST METHODS s

ERIC BIXON

APRIL 1982

, ¢
ARTILLERY SYSTEMS DIVISION

PRODUCT ASSURANCE DIRECTORATE

- US ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND
' ?5‘ DOVER, NEW JERSEY 07801
o —_-—__—______-———""_'_
roletnet
Y RppeTe. s P alttod
-

g2 '06 16 017

—— e




STATISTICAL GUIDE FOR DETERMINING THE EQUIVALENCY

OF TWO CHEMICAL TEST METHODS

Eric R. Bixon

Report No. QAR-R-004

PR

April 1982 ]

Submitted by /1% 46

ﬁ'ROLD GULTZ
Project Leader

Reviewed by /Q.MM/T/( C gcjn.-%

KENNETH C. SCHENK
C, APABA, ASD, PAD

Approved by

"o e e e

i L',"'%ﬂ\y Yo

P - N o e -




l'7-F'-—'-'-"-—"-'-ll--IllI---lll.Ill-Illl.l-.--l-'-llllllpiw-. —o—

ABSTRACT

i : This paper is to be used as a guide in gathering and treating data
i to be used in comparing two chemical test methods to determine

t equivalency. The concept of an equivalent test method is well

‘ Adefined in terms of repeatability and reproducibility as well as
accuracy and precision. All statistical tests and calculations

: are explained and illustrated using numerical examples. t

It should be noted that this is a preliminary report subject to
modification after finalized reviews of interested parties.
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INTRODUCTION

DETERMINATION OF THE EQUIVALENCY OF TWO
CHEMICAL TEST METHODS

A

This paper is designed as a statistical guide for determining the
equivalency of two chemical test methods. A variety of tests are
performed on the data which is obtained by two methods:

a. Method 1 is the specified method that has been referred to
in the specification.

b. Method 2 is the proposed method which is being compared to
the specified method to determine if it is equivalent or not.

The term equivalency must be defined for this paper. 1In general
the equivalency of two test methods implies that the methods have
the same accuracy and the same precision. This is the only case
in which the two test methods may be deemed equivalent. If method
1 is more or less accurate or precise than method 2, then the
methods are not equivalent.

This guide is divided into four parts. The first two parts
represent data which must be gathered and treated by the proponent
of the new test method. The results obtained in this section will
provide guidance as to whether a round robin should even be
performed. If the results obtained in the first two parts
indicate that the proposed test method may be an equivalent
method, then the round robin should be organized and the data
obtained for treatment in Parts 3 and 4..°

The data used in Parts 3 and 4 is essentially data from five labs //
done on three samples. This data is used for evaluating the
repeatability and reproducibility associated with each method.

In statistical terms the two methods may be considered equivalent
if they have equal means and variances. That is, the methods are
equivalent if we can demonstrate that the sample means and
variances generated by each method are from the same population.
Another criteria is that the lab to lab variation be the same for
both methods.

In conjunction with the determination of the equivalency of both
methods, this paper illustrates the determination of each methods
repeatability and reproducibility using analysis of variance
(ANOVA). The conditions necessary to perform ANOVA are stated and
the calculations necessary to perform a one-way ANOVA and a two

ii
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way ANOVA are illustrated. After these ANOVAs have been

determined, the method of using the components of variance to

estimate the method repeatabiliity and reproducibility is shown.

. It should be noted that this paper uses the method of ANOVA to

f characterize the variability of each method. It does not attempt v
to differentiate between one lab and the next.

It should be emphasized that this paper is basically an
instructional guide to indicate the various tests and operations
that can be performed on the data to determine equivalency. The
data used in this paper is ideal since it has been fashioned as an
! illustrative example. In each case the actual experimental data

! obtained using each method must be examined to see if all

: necessary conditions are fulfilled in order that the approaches
used in this paper can be utilized.

~ Computer programs have been generated which facilitate all of the

: time consuming calculations which are required for ANOVA. Data
generated from these round robins should be submitted to
DRDAR-QAR-R. Sample data sheets, letters for round robin
participants, and other gquidelines for the round robin in general
are included in Appendix B.




f TABLE OF CONTENTS

i Page
. Abstract . . . o ¢ ¢ ¢ 4 « ¢ e e o s s e o e s e s e v e e i
! INtroduction . . v ¢ v ¢ 4 4 e e b e e e e e e e e e s e e i
Table of Contents . . . . ¢ ¢ ¢ ¢ ¢« ¢ ¢« v ¢« o o o o« s o o iv
List of Tables . . . ¢ ¢« ¢ o o ¢ o ¢« o o o s o s o s o o o @ .
, Vi
Acknowledgement . . . . . . ¢ ¢ ¢ s e o 4 e e e e e s s s vii
Part 1: Comparison of Two Analytical Test Methods
for the Determination of the Amount of
RDX in Composition B . . . « &« & ¢ o o« s o o o o 1
Preparation of Synthetic Samples . . . . . . . . . 1
95% Confidence Limits for the Mean . . . . . . . . 3
Determination of the Average Bias . . . . . . . . . 4
Part 2: Treatment of Data . . . ¢ ¢ ¢ ¢ ¢« ¢ ¢« ¢ ¢« o o o o & 6
. Dixon's Range Test . . ¢ ¢ ¢ v ¢ ¢ ¢ ¢ s o o o o » 6
Cochran's Test for Homogeneity of Variances . . . . 9
Determination of Equality of Means and
Variances for Methods 1 and 2 . . . . . . . . . . 11
Summary of Results Obtained in Part 2 . , . . ., . . 13

Part 3: Evaluation of the Repeatability and
Reproducibility of Each Method . . . . . . . . . 15

Definitiions Having to do with Repeatability
and Reproducibiltiy . . ) . . . . . . . . . . . . 18

Calculations Required for Analysis of Variance
Using a One Way Classification . ., . . . . . . . 16

Evaluation of Repeatability and Reproducibility
Using Components of Variance . . . . . . . . . . 24

L el
g - -




Part 4: A Single Estimate of the Reproducibility
and Repeatability for Each Method Using .
a Two Way Classification, Analysis of
Variance Technique . . . ¢« . + ¢« ¢ ¢ ¢ ¢ o« + o & 26

Calculations Required for Analysis of
Variance Using a Two Way Classification . . . . 28

Evaluation of Repeatability and Reproducibility

Using Components of Variance . . . . . . . . . . 33

Part 5: Conclusions . . . ¢ ¢ o ¢ ¢ o o o o o o o v o o s 40

' References: . . . . o & ¢« ¢ ¢ ¢ o o s o o o o o o s o o o 41
Appendix A: Statistical Tables Used in this Document . 42

Appendix B: Sample Forms and Instructions for
Participants in Round Robin . . . . . . 50

0

Data for Repeatability and
Reproducibility Calculations . . . . . . 54

Appendix

Appendix D: Results of ANOVA Used in
Calculating Repeatability and/
or Reproducibility . . . . . . . . .« . 61

Appendix E: Calculations of Repeatabilities
and Reproducibilities Shown
in Table 6 . . « . ¢« ¢ « ¢« ¢« ¢« o o o o 67 .

Appendix F: Computer Programs Used in Evaluating
ANOVA . . . & ¢ o o o 2 o o o s o o o« & 70

Appendix G: Users Guide for this Document ., . . . . . 87

Distribution List . . . . ¢ ¢ ¢ & v o ¢ ¢ o o o s o o o o asg




Table

Table

Table

Table

Table
Table
Table

Table

Table

Table

Table
Table
Table

Table

LIST OF TABLES

Data Reported for RDX Content in Fourteen

Synthetic Samples Using Two Methods .

Data Reported for RDX Content in Eight
Synthetic Samples Using Two Methods .

Data Reported for RDX Content in Three
Different Lots Using Two Methods . .

Data for Lot B Method 1 Arranged in
Increasing Order with Points Labled
for Dixon's Range Test . . . . . . .

Form of the Data for One Way ANOVA . .

One Way ANOVA . . . . . ¢ &« & « o « o &

Anova for Lot C Method 2 . . . . . . .

Repeatabilities and Reproducibilities
as Calculated Using a One Way
Classification . . . . . . « . .« « .

Two Way ANOVA . . . . . ¢ & ¢ « ¢« « & &

Two Way Classification ~ Data
Of Method 1 . | . . . « ¢« « o ¢ « + &

Data of Method 1 - Totals and Subtotals
Two Way ANOVA - Method 1 . . . . . . .
Two Way ANOVA - Method 2 . . . . . . .
Repeatabilities and Reproducibilities

as Calculated Using a Two Way
Classification . . . . . . . + + « .

vi

.

Page

18
19

23

25

27

29
30
34

35

39




ACKNOWLEDGEMENTS

The following statisticians were consulted in the development
of this Statistical Guide:

Carmen Liuzza, DRDAR-QAS-A, ARRADCOM, Dover, NJ

John Mardo, DRDAR-QAS-A, ARRADCOM, Dover, NJ

W.H. Philips, Holston Army Ammunition Plant, Kingsport, IN

3
hH
N
:
3
3
3
%
:
’
*



. ——————— e e . m— o e

PART I

COMPARISON OF TWO ANALYTICAL TEST METHODS FOR THE
DETERMINATION OF THE AMOUNT OF RDX IN COMPOSITION B.

This section evaluates the accuracy of each method by comparing
the results obtained using a given analytical method with the
known value of a synthetic sample. It sets 95 percent confidence
limits on the means generated by each method using a student's "t"
distribution, If the test is of the desired accuracy, the actual
sample value should fall within the 95 percent confidence interval
generated by each method. The average bias for each method with
respect to the synthetic samples is also calculated.

Preparation of Synthetic Samples

The technician should weigh accurately to within + .001lg fourteen
different synthetic samples of Composition B adhering to the
specified composition (not including the tolerances). A 10.000g
sample is used in the following examples. Thus the technician
will have fourteen 10.000g samples having the following
composition:

Amount of RDX = 5.950 + .001g
Amount of TNT = 3.950 + .001qg synthetic sample 1
Amount of WAX = .100 + .001g

In addition to these samples, eight other samples should be made
with four having the amount of RDX at a low concentration of RDX:

5.000 + .001g RDX
4.900 + .0019 TNT synthetic sample 2
.100 + .001g WAX

and four samples are prepared at a high concentration of RDX:

7.000 + .001g RDX
2,900 + .001g TNT synthetic sample 3
.100 + .001g WAX

It should be emphasized that all synthetic samples should be
weighed out individually. Thus in preparing synthetic sample 1,
fourteen weighings of each of the three components (42 separate
weighings) are required.

In analyzing synthetic sample number 1, seven determinations using
each method are required. In analyzing synthetic samples 2 and 3,
duplicate determinations using each method are required. The
results are shown in Tables 1 and 2.
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TABLE 1

Data Reported for RDX Content
in 14 Synthetic Samples by 2 Methods

Synthetic Sample 1:

‘ ; Method 1 (specified method) Method 2 (proposed method)

| 5.960 5.979
5.975 6.068

5.991 5.916

5.966 6.224

5.936 6.089

5.988 6.193

5.892 5.994

X = 5.960 X = 6.066

S = .0363 S = .1131

NOTE: All data has been inspected for outliers and none are
present.

TABLE 2

Data Reported for RDX Content
in 8 Synthetic Samples By 2 Methods

Synthetic Sample 2:

Method 1 Method 2
5.037 5.158
5.006 5.058

X = 5.022 X = 5.108

S = .0218 S = .0707
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Synthetic Sample 3:

Method 1 Method 2
6.991 7.058
7.043 7.152

X = 7.017 X = 7.105

S = .0368 S = .0665

95% Confidence Limits for the Mean

A two sided "t" test is used to set confidence limits on the means
generated by each method. From Table A~-2 for 6 degrees of
freedom, t_g75 = 2.447. The 95% confidence limits on ,are given
by:

(X - ts/n-5) <no< (i + ts/n-5) where t = t.g75g

Method 1

ts/n->5 2.447 (.0363) = .0336

(7).5

X = 5.960

5.926 < u < 5.994

Method 2

ts/n-5 2.447 (.1131)

(7).5

x|
n

6.066

5.961

I A

n< 6.170




|
|
{

Conclusions

The actual value ot the sample composition ( ¥ = 5.950) is
included in the 95% confidence interval generated by Method 1 and
1s not included in the 95% confidence interval generated by Method
2. '

Determination of the Average Bias

The bias is the difference between the measured and actual value:

Bias = Measured Value - Actual value

= i - u

For each method & bias is calculated tor each synthetic sample.
I'he weighted average bics 1is then calculated.

Method 1
Synthetic Sample 1 Bias = X - ¥ n = 7 replicates
= 5,900 - 5.950
= .010
Synthetic Sample 2 Bias = 5,022 - 5.00 n = 2 replicates
= .022
Synthetic Sample 3 Bias = 7,017 - 7.00 n = 2 replicates
= .017
Weighted average pias = 7 (J010) + 2 (.022) + 2 (.917) = .U135
Il
Method Z
Synthetic Sample Bias = 6,066 - 5.950 n = 7 replicates
= .lle
Synthetic Sample £ Bias = 5,108 - 5,000 n = 2 replicates
= .108
Synthetic Sample 3 Bias = 7.105 - 7.000 n = 2 replicates
= .105

Welighted average blas 7 (.116) + 2 (.1U8) + 2 (.105) = .,113

11




Conclusions
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The weighted average bias is about 10 times greater for Method 2
than for Method 1.
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PART 2
TREATMENT OF DATA

This section uses Cochran's Test to determine the homogeneity of
the variances obtained among lots for a given method. 1In order to
determine the presence of outliers Dixon's Range Test is used.
Finally the means and variances of each method are compared using
"F" tests and "t" tests.

Dixon's Range Test

The observed values are first arranged in increasing or decreasing
order (see Table 3) and labled X; to Xn (see Table 4). The

ratio ryjj is then calculated and compared with the critical

values in Table A-1 at the .05 signficance level. If the
calculated value of rjj; exceeds the value obtained from Table

A-1l, the point is considered an extreme observation and eliminated
from the set of data.
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TABLE 3

Data Reported for RDX Content in Three Different Lots
Using the Proposed Method and the Specified Method.

Method 2 (Proposed Method)

Method 1 (Specified Method)

LOT A LOT B LOT C LOT A LOT B LOT C
5.742 5.878 6.030 5.646 5.449 5.947
5.822 5.983 6.070 5.695 5.863 5.999
5.860 6.026 6.158 5.704 5.899 6.042
5.860 6.032 6.165 5.742 5.921 6.063
5.865 6.052 6.193 5.743 5.938 6.070
5.884 6.054 6.199 5.748 5.956 6.078
5.899 6.128 6.238 5.753 5.959 6.087
5.900 6.153 6.271 5.780 5.993 6.101
5.932 6.190 6.298 5.796 6.008 6.121
5.943 6.195 6.304 5.811 6.060 6.125
X = X = X = X = X = X =

5.861 6.112 5.193 5.715 5.905 6.063
S = S = S = S = S = S =

.0578 .138 .0915 .0496 .169 .0553

7
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TABLE 4

Data for Lot B Method 1 Arranged in Increasing Order
with Points Labled for Dixons's Range Test

(increasing order) (decreasing order)
5.449 X1 X190
5.863 X Xg
5.899 X3 Xg
5.921 X4 X9
5.938 Xs Xg
5.956 Xg Xs
5.959 X7 X4
5.993 Xg X3
6.008 Xg X2
6.060 X10 X)

DIXON'S RANGE TEST APPLIED TO LOT B METHOD 1

For increasing order:

rji (X2 ~ X1)/(Xq9 - X3) (5.863 - 5.449)/(6.008 - 5.44) = .741

For decreasing order:

i (X2 ~ X1)/(Xq - X1) (6.008 - 6.060)/(5.863 - 6.060) = .264

From Table A-1 for 10 observations at .05 signficance level, rjj
should be rejected if it is greater than .477. Therefore, point
X1 in the increasing order list should be eliminated. (The
point 5.449 is an outlier.) The data would then consist of the
remaining 9 observations.




Data (Lot B Method 1) Extreme Observation Removed

5.863
: 5.899
5.921
5.938
5.956

5.959
5.9%3
6.008
6.060

|
L}

5.955

S = .0595

All other data in Table 3 has been inspected for outliers and none
are present.

Cochran's Test for Homogeneity of Variances

Cochran's test uses the equation:

largest S? where S? is the
€= 2 variance of Lot A,
- Sy B, or C for a given
method

If C is less than the value exceeded 5 percent of the time (i.e.,
C.95) there is no evidence to indicate the variances are not
homogeneous.




For Method 2:

.1382
[ = ,619
.0582 + ,1382 + ,09152

For Method 1l:

L1692
¢ = = ,838
.04962 + .1692 + ,05532

For 3 means (k = 3) and 9 degrees of freedom (df = 9) the value of
C at the .05 significance level may be found in Table A-4.

C.95 = .6167 (k = 3, df = 9)

Since both values of C calculated for Method 1 and Method 2 are
larger than C.gs we reject the hypothesis that the variances of
lots A, B and C are homogeneous. Upon further inspection of the
data it appears that the variance for Lot B is noticeably larger
than the variance of lots A and C for both methods.

If we drop the data for Lot B and consider only lots A and C we
can recalculate C for each method.

For Method 2:

! ‘ .09152
: c = = .713
( .0582 + .09152

For Method 1l:

.05532
¢ = = ,654
.04962 + .05532

For 2 means (k = 2) and 9 degrees of freedom (df = 9) the value of
C at the .05 signficance level may be found in Table A-4.

‘ C.95 = .8010 (k = 2, df = 9)

10




Therefore, since both calculated C's are less than .8010 we have
no evidence to reject the hypothesis that the variances are
homogeneous for lots A and C.

Determination of Equality of Means and Variances for
Methods 1 and Method 2

This section compares and contrasts the means and variances
obtained by each method for a given lot. For each lot the
following operations are performed:

a. An "F" test to determine if the variances of Method 1 and
Method 2 are significantly different.

b. A "t" test to determine if the means generated by Method
1 and Method 2 are signficantly different.

Lot A
Mean Standard Deviation

Method 1 5.715 .0496

Method 2 4.871 .0578

The F ratio is formed by computing the ratio of the sample
variances:

(2-1) F = (.0496)2/(.0578)2 = .736

Critical values of F are determined from Appendix A.

The degrees of freedom for each mean is 9.

4.03

therefore: F 975 (9, 9)

and: F_g25 (9, 9) .248

Since the calculated value of F (i.e., .736) is in between the two
critical F values, we have no reason to suspect that the variances
are different at the 5 percent level of significance.

11




, As a result of this calculation, the variances for Method 1 and
| Method 2 may be pooled.

; (2-2) 2 = ((n -1 s2 4+ (ng -1) S3 )/(ny + ny -2)
Since n; = ny = 10, this reduces to:
- 2 2
sg = ( sy + s5)/2
sg = (.04962 + ,05782)/2
. s2 = .005801/2
Sp2 = .002901
Sp = .0539

Using the pooled standard deviazion (S, = .0539) obtained by
pooling the standard deviations of Metgods 1 and 2 for Lot A, a
"t" score may be calculated to _etermine if the means generated by
Method 1 and 2 are significuyntly different.

(2-3) t = (X1 - X2)/Sp ((1/nm1) + (1/np))-5>
t = (5.715 - 5.871)/.0539 x (1/10 + 1/10)-5
t=-6.47

This statistic should have a "t" distribution with (nj} + njp
-2) or eighteen degrees of freedom.

t.975 (18) 2.101

t. 025 (18)

- 2.101

12




Since "t" calculated is less than -2.101 we can say the means

generated by method 1 and 2 are different at the 5 percent level
of significance.

Similar calculations should be performed on lots B and C. For the
case when the variances for Methods 1 and 2 are found to be
nonhomogeneous the "t" score is calculated from:

(2-4) £ = (X] - X /(SI/N] + SI/mN,°

with the degrees of freedom calculated from

2 2,012
. (s1/N, +  S5/Njy) ,
(2-5) = -
(simp? o+ (sim,)2

N1+1 N2+1

The results of these calculations for Lots B and C are stated
below:

Lot B. Variances and means are significantly different for each
method.

Lot C. Variances are homogeneous for methods 1 and 2 but means
are significantly different.

Summary of Results Obtained in Part 2

1. Cochran's test for homogeneity of variances has indicated that
the variances are homogeneous for each method only if the data for
Lot B is not included. The use of Dixon's range test for
identifying an "outlier" has been illustrated using the data for
Lot B, Method 1. The results of the test indicated that an
outlier did exist in the data. These two results seem to indicate
that Lot B may be highly variable and perhaps heavier tailed than
a normal distribution.

13




2. The means and variances obtained for each lot using Methods 1
and 2 have been contrasted and compared for the three lots in
question. The variances appear to be homogeneous for two of the
lots and nonhomogeneous for one lot. 1In all lots the means
generated by the two methods have been shown to be significantly
different using the "t" distribution.

3. The results obtained in Parts 1 and 2 have indicated that the
proposed method is less accurate than the specified method. The
variances of each method appear to be homogeneous except for the
results obtained with Lot B. However, if the variances in Tables
2 and 3 are analyzed using an F test (as on Page 11) there is
evidence to indicate the variances may not be homogeneous. In
order to determine if the variances are homogeneous for both
methods additional data is required. The fact that Method 2
appears to exhibit a constant bias may be useful, since in some
cases the bias may be of such a nature that it is predictable and
can be used in characterizing the method.

At this point a decision must be made in regard to running the
round robin., The data which has been evaluated suggests that the
proposed method will not be an equivalent method. Based on these
results, it is probably not worthwhile to conduct the round robin,
however, in order to continue the example it is decided to run the
round robin. The results are shown in Parts 3 and 4.

14
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| PART 3

EVALUATION OF THE REPEATABILITY AND REPRODUCIBILITY
OF EACH METHOD

In this section the bulk of the data is treated in order to get
estimates of the method repeatabilities and reproducibilities.
P The data for three lots is analyzed by five laboratories for each

method. This data along with the averages and standard deviations
! of each lab is presented in Appendix C.

In order to treat this data the following assumptions or tests
. must be made:

a. The data is normally distributed.

b. The data for each laboratory has been inspected for
outliers and none are present.

c. The data for a given method and a given lot (data from
five labs) have been examined for homogeneity of variance, and the
results have shown that the variances are indeed homogeneous.

The basic approach used in this section is to use the technique of
analysis of variance (ANOVA) to determine the variance between the
means and the variance within each lab. An "F" test is used to
compare the two variances. 1If the "F" value is found to be
significant, the repeatability and reproducibility are calculated
by two different equations. If there is no significant difference
found by application of an F test, the repeatability is equal to
the reproducibility.

The calculations involved in this procedure are illustrated in a
stepwise fashion for the benefit of the uninformed reader. The
results of analysis of variance performed on the six sets of data
are shown in Appendix D. The method repeatabilities and/or
reproducibilities are presented in Table 6.

Definitions Having to do with Repeatability
and Reproducibility

Laboratory - A laboratory must consist of a single analyst.

i Test result - An average of n replicate measurements

; Repeatability - A quantity that will be exceeded only about 5
percent of the time by the difference, taken in absolute value, of

two randomly selected test results obtained in the same laboratory
on a given material.

15
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Reproducibility - A quantity that will be exceeded only about 5
percent of the time by the ditference, taken in absolute value, ot
two single test resuits made on the same material in two

difterent, randomly selected laboratories.

Calculations Required for Apnalysis of Variance Using a One

Way Classificaion

The torm of the data 1s presented in Table 5.

1n order to pertorm a one way analysis of variance,
terms must be evaluated:

xxxij, ST, /ny),  TEe/N
The pooled variance 1s calculated as:

- k)

=

1

) S .
52 = (xxxiﬁ - MT/ni))/ Cing

5h

The mean square osetween categories is calculated as:

o0 5
)(T1+/ni) - Ti4+/N

the following

52 =
“m
k-1

where
K = Number Ot categories
0y = Number ot observations 1in each category
Tt = Sum Ot the observations in a category
N = Total number ul observations
Spé = Within groups mean sguare (or pooled varlances)

sm4 = Between groups mean square




4 At

Sp = Pooled standard deviation

df = Degrees of freedom for each sum of squares

Xij = Observation number i from column j

>mx£_ = The sum of the squares of all the data points
A in a given group of data.

Tyt = Sum of all the observations

X = Grand mean = T44/N

Xi = Mean of each category = Tj;/n

SS = Sum of squares

MS = Mean square

The results of these calculations are then presented in a table
such as Table 6.
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TABIE 6 - One Way ANOVA

Sum of Squares daf Mean Square Estimate of
2 2
Between Z(T§+/ni) - TE+/N k-1 M o2 + nog
2
Within LIXiy - zr?/ni M-k s2 o2
2 _ 2
Total Zinj ZT++/N

In order to illustrate the calculation of the quantities presented in Table &,
sample calculations are performed using the data for lot C method ?. The
data is presented below and the calculations usina this data are shown on

the next page,

DATA FOR LOT C RETHOD 2

LAB A LAB B Lag ¢ LAB D LAB E
6.903350 6.1590 6.2340 6.9130 6.2242
6.1453 6.0700 €.14:0 6.72840 6.340%¢
6.¢620 6.8172 €.03350 5.9139 6.82CQ
6.125¢ 6.2478 S.642) 5.822d 6.2142
6.1940 6.9°ce@ 6.€548 €6.2720 6.1979
6.1380 6.2772 6.2629 6.8473 6.2329
6.0540 6.1619 6.1352 6.1%20 6.0748
5.8750 5.5950 5.9910 6.82c0 6.22090
6.1620 6.1989 5.8452 6.0299 $.9979
6.1660 6.3170 6.0552 5.9350 6.0360

Lab Totals:  61.015 61,534 60.500 60.134 €1.414
19




Each 1naividual observation by the five labs is squared and these
values are summed:

(3-1) >:>:x§i = 6.0892 + 6.145% + 6.0632 +,..4 5.9972 + 6.0862

1856.17116

lue rlve Lao totals are squared, adaeu togetner ana tnen
dividea by tne number ot replicates per lap.

(3-2) "] /ny (6L.05¢ + 61.5342 +...+61.4142)/.0

1855.72907

I'he grana total iIs squarea anu dividea by tne total number ot
repilcates.

(3-3) Tiy/N

= (6L.UL5 + 6L.534 +...+ 61.414)2/50
= 1855.586648
Tue ueyrees oL Lreedom used tor the between yroups mean syuare is .
(3-4) ar; = K -2
=5 ~1
= 4

Tie degrees OL Lreedom usea tor tne within groups mean squate

N -k
50 -5
45

(3-5) ary

Usiny tne results ot (3-1), (3-2), and (3-3) the Sum or Squares
between yroups ana within groups may be evaluated.

20
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(3-6) Sum of Squares between groups ZTg+/ni-T£+/N

= 1855.72907 - 1855.586648

‘ = ,14243
(3~7) Sum of Squares within groups = szii-.zTﬁfni

= 1856.17116 - 1855.72907

= .44209

Using the results obtained in equations (3-4) through (3-7), the
two mean squares are now evaluated:

(3-8) Mean Sgquare between groups (ZTi/ni' T /(K - 1)

= ,14243
4

= 3.5606 x 10-2

1]

(3~9) Mean Square within groups ("Ex3s - IT, /n) /(N - k)

= .44209
45
= 9,8242 x 103

The total Sum of Squares and degrees of freedom, 4df, may be
calculated as the sum of the within groups and between groups
contributions.

21
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.14243 + .44209

(3-10) ‘fotal Sum ot Squares

(3-11) "Total uegrees ot treedom 4 + 45 = 49

'ne ¥ value 1s calcutateu by dividing the mean square between
yroups by the mean square within groups.

(3-12)
F = sm2/sp2
F = (3.5606 x 1072)/(9.8242 x 1073
F = 3.624

Tne caiculateu "F" value 1s compared with the "K" distribution 1in
Appenalx A-3. "F" 15 presenteu as a function of dt; ana at)

(tne ueyrees ot irreeaovm OL sm? and sz) and ot tne level ot
signiticance chosen. For this paper the .05 signiticance level
1s cnosen. Theretore ¥ _yg5 (di), dtpy) becomes F g (4,455

winere a1) = 4 (the aeyrees oOf freeadom assoclated with Sm<¢) ana
at, = 45 (tne ueygrees ot Lreeuom associatea witn Sp4) .

F.gg (4, 45) = 2.59

since tne calcuidtead "F" value (3.644) 1is greater tnan F.gg (4,
45) we may conclude that the means ot the 5 labs are unequal at
tne .U5 signiticance level and that the reproaucibility is
uirterent tnan tne repeatability.

A computer program nas been developed to do aitl calcuiLations
adescribed in this section. Sample programs are shown in Appendix
k.

Tne results oL tiuese calcuiatlons are then presented 1n Table 7
whicn nas the torm ot Table 6. The results ot each analysis ot
variance are presented in Appendix D. The grand mean of each data
set is presenteu witn each analysis ot variance.

22
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Evaluation of Repeatability and Reproducibility
Using Components of Variance

In order to evaulate the method reproducibility and repeatability
it is necessary to break down Sm2 and Sp? into their
components of variance. This is done by utilizing the following

equations.

a2

(3-13)  sp?

(3-14) sm? = 42 + no}

where <2 is an estimate of the population variance and o]
is an estimate of the variance of the mean of each lab about the

grand mean.

Solving for a2 and op for this example:
02 = 9.,8242 x 103
o2 +  nop = 3.5606 x 10~2
, 3.5606 x 102 - 9.8242 x 10~3
a =
" 10
@2 =2.5782 x 1073

The repeatability and reproducibility may now be calculated by use
of equations (3-15) and (3-16):

(3-15) Repeatability = 2,77 x (o 2/n)+>
(3-16) Reproducibility = 2.77 x (5 2 + o02/n)-3

Solving these equations we find:
Repeatability = 2.77 x (9.8242 x 10‘3/10)-5
= ,0868

ti

and Reproducibility = 2.77 x (2.5782 x 10”3 + 9.8242 x 10~3/10)-5

.1653
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The remalning repeatapillities and reproducibilities are calculated
in Appendlx E. The results ot tnese calculations are presentea in
Table 8.

TABLE 8

Repeatabilities and Reproducibilities as calculated
Using a One Way Classitication

Method 1
Repeatability Reproducibility
Lot A .0397 . 0397
Lot B .02306 L0236
Lot ¢ 0454 .0454
Methoa 2
Repeatability Reproducibility
Lot A .08069 .lod5
Lot B .0804 .1547

Lot .080638 .1653




PART 4

A SINGLE ESTIMATE OF THE REPRODUCIBILITY AND REPEATABILITY FOR
EACH METHOD USING A TWO WAY CLASSIFICATION,
ANALYSIS OF VARIANCE TECHNIQUE

In this section a method of combining the data for all three lots
for a given method is illustrated. This can only be done if, for
a given method, the variances for all the lots are homogeneous.

It is assumed in this section that all variances are homogeneous.

Once the variances for all the lots (15 test results in all; that
is three lots with each lot analyzed by five different
laboratories) have been shown to be homogeneous, a single estimate
of repeatability and reproducibility based on all the data points
for that particular method is possible.

This is done with a two way classification analysis of variance
technique.

The Analysis of Variance Table for a Two Way classification is
shown in Table 9. The nomenclature used in Table 9 is described
below:

n = Number of replicates

t = Number of rows

c = Number of columns
. ii = Mean of each column
X5 = Mean of each row
iij = Individual mean of column i row j
X = Grand mean of all data points
ilje = Each individual data point
S¢ = Sum of Squares for Columns
Sy = Sum of Squares for Rows
S = Sum of Squares for Interaction
Sw = Sum of Squares for Within
Sp = Sum of Squares for Total

Sg = Sum of Squares for Subtotal
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In order to pertorm the calculations involved in computing a two
way analysls ot variance, it 1s necessary to arrange the data in
two classirications. ‘The data tor method one is shown in Table
1U. Here. the vertical classitlications are the labs, and the
horizontal classltications are the lots. Lkach set of data tor oune
lab and one Lot is reterred to as a celi. Each cell contains ten
replicates.

ln addition to presenting the data in this tashion, it 1s also
convenient to torm a second table which shows the totals and
subtotals Ot each row and column. The subtotals are actually the
cell totals (r.e., the sum of ten data points tor a given lot and
a given lab). From these subtotals, the totals ot each row and
column are then rtormed. The totals and subtotals formed from the
datas 1n Table 10 are shown 1n ‘lable 1l1L.

Uslng a two way analysis of variance epnables the statisticlian to
separate the totael variance into the components due to ditterences
vetween laos and ditterences between iLots. Since we do not want
tuo 1nclude the variance due tO ditterences between lots i1n our
over : Ll estimates of repeatability and reproducibility, this
technique 1» useful to us. It enables us to combine the data from
all three lLots and thus get estimates of the relevant varirances
with higher degrees ot treedom than with the single classitication
ANOVA. It also gives us o Single estimate of repeatability and
reproducibitity for each test method.

The toliowlng example illustrates the calculations which must pe
pertormed on these arrays 1n order to evaluate the two-way
analysis ot variance. Once this has been determined, use is made
oL the components ot varliance approach to evaluate the appropriate
components ot varlance in order to determine the method
repeatablllty and reproaucibility.

Calculations Required tor Analysis of Variauce Using
a Twu Way Classification

Using the data 1n Tables 10 and 11 the toliowing calculations are
pertormea:

(4-1) Sum ot Squares tor Total:

Sp = 2.7764 + 5.730¢ +...+ 6.029% + 5.990< - 883.7574/150
5 = 2208.9487 - 52U0.842Y
Sp o= 1.7058
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(4-2) sum of Squares for Subtotal:

Sg = 57.45202/10 + 59.25102/10 +...+ 59.08802/10 + 59.90002/.v - 883.7572/150
Sg = 5208.26638 ~ 5206.8429
Sg = 1.42348

(4-3) Sum of Squares for Rows:

SR = 288.01102/50 + 296.24802/50 + 299.49802/50 - 883.7572/150
Sgp = 5208.24531 - 5206.8429
Sg = 1.4024

(4-4) Sum of Squares for Columns:

= 176.69902/30 + 176.87402/30 +...+ 176.72202/30 - 883.7572/150

w0
@}
|

5206.84388 - 5206.8429

w
@]
|

Sc = 9.8666 x 10-4

(4-5) Sum of Squares for Within:
This value is found by subtracting the Sum of Squares for the
subtotal from the Sum of Squares for the total.

SS for within = 1.7058 - 1.42348 = ,2823

(4-6) Sum of Squares for Interactions

This value is found by subtracting the sum of Squares for Columns
plus the Sum of Squares for rows from the Sum of Squares for the
subtotal.

SS for Interactions = 1.42348 ~ 1.4024 - 9.866 x 10-4 = .0201
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he repeatablilty 1s tnen calculatea as

. D, .S
(4-14) Repeatability = 2.77 x (7°/n)

The reproaucibilliity 1s calculated as

(4-15) Reproducibility = 2.77 x (07/n + o +nrf)"5

Note Lue LOt to L0t variance, o) , 1S not inciuded 1n the

varirance estimate usea tor reproaucibiliity.

Cowmponents or Variance Estimates Using I'wo-way
ANOVA tor Methou 1

kEquacions (4-13), (4-1l2) and (4-10) may be solved simultaneously
to turnish estimates ot the components of variance used in
uetermining the repeatabllity and reproduciblility trom equations
(4~L4) ana (4-15). The procedure tolliows.

I'ne repeataplilty vdarlance 1s estlmated using the mean sguare ror
within from equation (4-13):

n" repeatabiilty = o = ,00209 (4~1b)

I'ne lnteraction varlance is estimated using the mean square tor
interactions wuetlned 1n equation (4-12) and using the value ot

24 wnicn was getermined 1n equation (4-16):

DAL IR NARS (4-17

where n = 10, coL0u20a
“f = (,0028]1 - ,00200) /10
-5
0p = 4.20 x 107 (14-18)
16



Tne variance due to ulfrerences between iLabs 1s estimatea using
the mean square for columgs detined in equation (4~10) ana using
tne values ot o¢? ana 9% as defineu by equation (4-16) ana
(4-18):

a? + no? + rng? .00025
I o}

where r = 3, n = 10, o2 + no% + .00281

o2
C

f

(.0025 -~ .00251)/30

[t

0% = -~ 7.533 x 107> (4-19)

'ne sum or tne interaction component ot variance and the Lab to
lab variance is tnen calculated

0 + 0f = 4.2 x 1075 4 (-7.533 x 107%)
02 +0f = - 3.33 x 10-5 (4-20)
sSince ¢ + o < 0 , the reproaucibiiity 1s equal to the

A § . ; : .
repeatability. The rationaie for tnis 1s the toliowling:

lt eirtner ctne petween-laboratcory Or interaction variances 1is not
siyniticant, the existence of random error may cause either ot the
respectlve mean sguare ratios to be less than one. 1t this occurs
tne values oL or oy may result in negative quantities. Method
reproaucxblLity may still be calculatea, uniLess the sum

oL ng + o% Is negative, in which case the wnolevot the variation
May be assumed to pe aue to replication error (™ and the
reproaucibility is equal to the repeatapility.

37




In view Of tnis ract ror metnod 1,

w2 reproaucibiiity = o repeatabiility = 02 = ,00209

ana the repeatability is calculated trom equation (4~14).

Repeatability = 2:77 x (¢/n)-°
= 2.77 x (.00209/10) 2
= .0400
Reproducibility = Repeatability = .0400

The salle proceaure 1s now repeatea ftor Method 2.

components ot Variance Caiculations tor Metnod 2 Using Data
rrom Table 13

Estimate or o

a? = ,00936

Estimate ot ”i :

o’ + nof = ,0353
of = .03533 - .00936
IO
07 = .002597
Estimate ot ¢l :
a? + no?[ + rncg = ,0314.1
og = ,03141 - .03533
30
02 =-1.306 x L0"4

38
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Now tle repeatabililty anu reproducipility may be caiculated trom
equations (4-14) and (4-15).

[}

rRepeatablilty 2.77 x
= ¢2.77 x

= 2.77 x

= .0847

W

Reproaucibliility .77 %

= 2.77 x

= .lo2

( 02/n)+>
(.00936/n) +> n= 10
(.00936/10) +3

{ 92/n + o4+ o) -5

(.00936/10 + (-1.306 x L0=%4) + (.002597))-%

Tue resuilts oL these calcuiatlons are summarized 1n Table L4.

TABLE 14

Repeatapilities and Reproducibilities
as Calculated Using a 1'wo way Ciassitication

Repeatability

. 0400

Repeatapility

. 0847

Metnoa 1
Reproducibility

.0400

Method 2
Reproducibiiity

.102




PART 5
CONCLUSIONS
1. Method 1 is more accurate than Method 2. This has been
demonstrated in Part 1.

2. The repeatability of Method 2 is greater than the
Repeatability of Method 1 (Parts 3 and 4).

3. The lab to lab variation is significant for labs using Method
2 but not significant for labs using Method 1 (parts 3 and 4).

4. 1In view of 2 and 3 no attempt has been made to characterize
the bias exhibited by Method 2.

5. Method 2 is not equivalent to Method 1.

{
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APPENDIX A

Statistical Tables Used in this Document
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: TARLF A-1
[
Tarce A-8. Sivrririep Stamisrics (Conlinued)
4 8e. Criteria for Testing for Ixtreme Mean
Critical values
Statisti Number of {~-—-ror o e o
afistic obs,, k amja=]la=]a=|a=la=|a=
.30 20 | .10 | 05 | .02 01 | .00
3 681 | TSL| SS6 ) 041 976 | 983wy
Xy — X, 4 471 560 | 679 | V65 | 816 | .88 | a2
LR o Yol 5 373 | 451 S57 ] 612 T2 T80 | s
6 318 | 386 182 | 560 | G4 6us 1710
7 281 | 341 | 431 | 507 | 586 | .637 | 650
, Yo - X 8 318 | 385 479 | 551 | 631 | 683 | 725
y 4 ru = J\"";";\:" 9 288 | 352 1 411 ] 3121 587 | .635 | 677
4 k-t A 10 265 | 325 | 409 | 477 | 551 | 507 | .6u0
1 Xo—x 11 391 442 | 5171 576 | 638 | 679 | .713
! rey = .XJ.:_X‘_ 12 370 1 419 | 490 | 546 | 605 | 642 | .673
; -1 M 13 < f 351} .399 | 467 | 521 | 578 | 615 [ 619
; SR DR B I
14 370 ) 421 ] 4u2f 546 | 602 | .611 | .674
15 353 | 402 | 472 | 525 | 579 | .616 | .647
1 16 3381386 1 451 | 507 | 089 | 505 | 624
H 17 325 | aT3 | 438 | 490 ¢ 542 | 577 | .CO3
1 18 B[ 36| e 475 | 827 1 60l | ARy
] . <Y 19 804 850 | 120 462 1 514 | 517 | 575
™mERIX 20 205 1 310 | 401 | 450 | 502 | 535 | 562
!
. 21 237 1 G339 D 440 ] 491 | 521 | L85)
i 22 280 | 325 | 3821 430 | 481} 511 | 541
| 2! 204 ) 316D A0 420 ] 4720 A0n | sa2
! 24 208 | 3100 aeT D 418 | qct | a7 [ 524
' 25 262 | 304 | KISV AN | 457 | 480, 516
L —— s -
'
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TABLE A-2
i
]
R Tant.e A-5. PERCENTILES ar THE ¢ DisTrRInDTION®
df {0 Lo “l 0 l_io _' ___‘n 4_‘ {_l_?l' |_ t "o (X _ !
1 325 et 1376 ¢ 3.01% | 6 314 112 706 | 31.821 | 63 657 i
2 289 L0617 1.0661 | 1.886 2.9020 4.303 6 965 G025
3 277 .58t L9978 1.6348 2 353 3182 4 G4l 5 8t1
4 271 .509 941 1.533 l 2132 2776 3,747 4.601
5 . 267 .539 .020 1.470 2.615 2.571 3,365 1.032
6 .265 .8533 900 1.440 1.913 2 447 3.143 3.707
7 .263 519 8§96 1 415 1895 RER{ISY 2.0U3 3.400
8 L2052 516 889 1 307 1 S6o 2 306 2 846 3.355
9 L2201 513 (883 1 583 1.853 2.202 2. 821 3.250
10 .260 .542 .879 1.372 1. 812 2.228 2.764 3.169
11 .260 .810 876 1.363 1 796 2.201 2.718 3.106
12 .259 .539 (873 1.356 1 782 2.179 2.081 3.055
13 .259 .538 .870 1.330 1.771 2.160 2 630 3.012
\ 14 .258 .537 .868 1.345 1.761 2.145 2 624 2.977
| 15 .258 .536 .B66 1.341 1.753 2.131 2.602 2.947
16 .258 .535 .865 1.337 1.746 2.120 2,683 2.921
17 257 534 .8G3 1.333 1.740 2.110 2,567 2.898
18 257 .34 .862 1.330 1.734 2.101 2.552 2.878
19 .257 1533 (861 1328 1.729 2.093 2.539 2.861 !
20 .257 .533 RGO 1.325 1.725 2.086 2.4028 2.815
21 257 .532 859 1.323 1.721 2.0%0 2.518 2 834
22 .256 532 838 1.321 1.717 2.074 2 508 2.819
23 206 532 (858 1.319 1.714 2 069 2 500 2 807
21 .256 831 .857 1.318 1.711 2.0064 2.492 2.707
25 L2006 .531 8506 1.316 1.708 2.060 2.4%) 2.787
26 Vo .53 856 1.315 1.700 2 06 2 470 2.770
2 RS 831 835 1.314 1.703 2.0.2 2.473 2.771
' 28 v .530 855 1 1313 ] 1701 | 2.m8 ] 2,467 | 2 763
' 29 pANTY .H30 .851¢ 1.311 1.600 2 045 2 .42 2.756
30 S0 LR30 854 1.310 1.607 2 012 2,407 2750
40 255 629 &5 1.303 1.68¢ 2 0 24231 2 704
60 | 2 o527 | s8 L1206 | 1671 b 20w | 2w | 2 e
120 201 526 815 1.289 1.COS 0 1.usn 2 308 ‘ 2017
« 253 SH2Y 812 ] 282 1.GIh 1 o} 2 30 2 570
. . USRI I LRl IR S N ,




' } SO e s TABLE A-3

Tanve A-Ta. F Distiunverion, Usren 59 Pornts (F,N)"

+
Degrees of frevdom for numerator i
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APPENDIX B

Sample Forms and Instructions for Participants in
Round Robin
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Subject:

ARRADCOM ~ Product Assurance Directorate

Comparison of Test Methods for Determination of RDX in
Composition B.

TO: Participants in Round Robin No. 1

1. 1Inclosed herewith are the following materials for subject
Round Robin.

a.

b.

C.

d.

Three samples of Comp B (A, B, C)
Description of test methods
Instructions for collecting and reporting data

Two data sheets

2. The completed data sheets sould be returned by 1 Jan 82.

3. The code number for your laboratory is _~ '~~~ :

Very truly yours,

ERIC R. BIXON

ARRADCOM

Product Assurance Directorate
Building 62

Dover, NJ 07801
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It is important that all participants in the Round Robin receive
the test procedures prior to receiving the samples and that all
samples be received by the participants within a five (5) day
period. 1t is extremely important that storage conditions for
samples (prior to testing) be identical.

Individual testing by each laboratory should be completed within a
seven (7) day period of receiving samples. Note ambient
conditions in storage areas and laboratory areas.

ROUND ROBIN NO. 1
Sample Data Sheet for a Given Method

g of RDX in a 10g Sample

LOT A LOT B LOT C REPLICATE NO.
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I

Average Test Time,

Minutes/Sample

Working Time for 10 Analyses

Total Elapsed Time for 10 Analyses

Laboratory Code No.

Submitted by

Phone No.

Comments on Method

583

Method Used




APPENDIX C

Data for Repeatability and Reproducibility Calculations
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APPENDIX D

Results of Analysis of Variance used in Calculating
Repeatability and/or Reproducibility
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APPENDIX E

Calculation of Kepeatabilities and Reproducibilities
Shown in Table 6
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n————'——'—'-—'——'_—————v‘>"

The following calculations use data taken from the Tables in
Appendix D:

WS

Lot A, Method 1 ¢

F = .735 is less than F.g5 (4, 45) = 2.59 therefore the
repeatability and reproducibility are the same.

2 .
Sp = .0020515

H

Repeatability = 2.77 x ((2.0515 x 10~3)/10)-5

"

Repeatability .0397

Lot B, Method 1
F = .944, Repeatability = Reproducibility

s2 = .0015357

Repeatability = 2.77 x ((1.5357 x 1073)/10)-5

Repeatability = .0236

Lot C, Method 1
F = .859, Repeatability = Reproducibility

2
Sp= .0026853

Repeatability = 2.77 x (.0026852/10) 5

i Repeatability = .0454

Lot A, Method 2

F = 3.584, Reproducibility # Repeatability

sg = .,0098467
S; = .0352863
(8

P mar - .

LS - o o e, & ST




R ——

Repeatability = 2.77 x (.0098467/10)+5

.0869

Repeatability

2 _ .0352863 ~ .0098467 = 2.5440 x 10-3

Om

10
Reproducibility = 2.77 x (o + 07/10)"°

Reproducibility = 2.77 x (2.5440 x 10~3 + (9.8467 x 10-3)/10)-5

= .1645

Lot B, Method 2

F = 3.701, Reproducibility # Repeatability
52 = .0084229

s = .0804

m

2.77 x (.0084229/10) 5

Repeatability

Repeatability .0804

o’ - »031176 - .0084229

10

2.275 x 10 —3

2
' Om

2.77 x (of + 07/10)+°

i

Reproducibility
= 2.77 x (2.275 x 10™3 + .0084229/10)+5>

= ,1547
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APPENDIX F

Computer Programs used in Evaluating ANOVA
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APPENDIX G

User's Guide for this Document




The following flow charts are a schematic representation of the
operations (chemical analysis and data collection) and statistical
procedures used in this text.

The flow charts A, B, and C correspond to Parts 1 and 2 of the
Statistical Guide. The proponent of the new test method should do
all the tests and procedures shown in these flow charts. The
results of these tests provide information as to the accuracy and
precision of the new test method as compared to the old test
method. These results form the basis for makirg a decision as to
whether or not a full scale round robin should be conducted.

Flow charts D and E (corresponding to Parts 3 and 4) show the
operations involved in evaluating the round robin data in the
event tha the decision is made to conduct the round robin. The
operations involved in Parts 3 and 4 are basically techniques to
evaluate the method repeatability and reproducibility. At first
glance, the reader may not be able to distinguish the d.fference
between these two parts. The difference has to do with the
degrees of freedom used in the repeatability and reproducibility
estimates. 1In part 3 there are three estimates of repeatability
and/or reproducibility for each method based on 45 degrees of
freedom. Each estimate comes trom the data for a given lot. In
part 4 a single estimate of the repeatability and/or
reproducibility with 135 degrees of freedom is obtained for each
method. This single estimate 1is based on the combined data for
all thrze lots.
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